High-density functional gene arrays have become a powerful tool for environmental microbial detection and characterization. However, microarray data normalization and comparison for this type of microarray remain a challenge in environmental microbiology studies because some commonly used normalization methods (e.g., genomic DNA) for the study of pure cultures are not applicable. In this study, we developed a common oligonucleotide reference standard (CORS) method to address this problem. A unique 50-mer reference oligonucleotide probe was selected to co-spot with gene probes for each array feature. The complementary sequence was synthesized and labeled for use as the reference target, which was then spiked and cohybridized with each sample. The signal intensity of this reference target was used for microarray data normalization and comparison. The optimal amount or concentration were determined to be ca. 0.5 to 2.5% of a gene probe for the reference probe and ca. 0.25 to 1.25 fmol/l for the reference target based on our evaluation with a pilot array. The CORS method was then compared to dye swap and genomic DNA normalization methods using the Desulfovibrio vulgaris whole-genome microarray, and significant linear correlations were observed. This method was then applied to a functional gene array to analyze soil microbial communities, and the results demonstrated that the variation of signal intensities among replicates based on the CORS method was significantly lower than the total intensity normalization method. The developed CORS provides a useful approach for microarray data normalization and comparison for studies of complex microbial communities.
Microarray-based technology has become a robust genomic tool to detect, track, and profile hundreds to thousands of different microbial populations simultaneously in complex environments such as soils and sediments. For example, GeoChip, a comprehensive functional gene array, has been developed for investigating biogeochemical, ecological, and environmental processes (12, 18, 23, 27, 29, 32) . Although a massive amount of microarray data can be generated rapidly, one of the bottlenecks in using microarrays for environmental microbial community studies is the lack of an appropriate standard for data comparison and normalization (6) . Currently, it is difficult to compare microarray data across different sites, experiments, laboratories, and/or time periods (10) . This limits the power of the technology to address ecological and environmental questions.
In pure culture-based functional genomics studies, genomic DNAs (gDNAs) have been used as a common reference for hybridizations in which the same amount of gDNAs are used to cohybridize with each target cDNA sample and then to normalize different target cDNAs based on the gDNA standard (4, 5, 8, 9, 19, 21, 23) . Several normalization methods such as scale normalization, quantile normalization, and Lowess normalization have been used for gene expression studies (2) . Using the gDNA standard method can minimize or eliminate differences in target cDNA quantity, spot morphology, uneven hybridization, labeling, and sequence-specific hybridization behaviors (5) , and this allows the comparison of microarray data across different sites, laboratories, experiments, and/or times. The main rationale for gDNA as a common reference is that it provides complete coverage for all genes represented on the array because the DNA composition from a particular organism should be identical across different treatment samples even though RNA expression is different (8) . However, this approach is not applicable to microbial community studies because not all communities have identical DNA compositions. Pooling of equal amounts of gDNA or RNA from every target sample to make a common sample could be used as an alternative reference for cohybridization (1, 22) . However, the disadvantage of the sample pooling approach is that samples do not provide large amounts of DNA or RNA in a reliable and reproducible way. For example, groundwater samples usually have a very low biomass and thus would not provide enough DNA for pooling. In addition, the sample pool itself is uncharacterized, and gene abundance may be diluted out so that insufficient DNA is present to result in a positive signal some array features, especially for those genes in low abundance. Moreover, a new sample pool would be required for every new experiment, making comparison across experiments difficult. Thus, other approaches need to be developed for microbial community studies.
Dudley et al. (7) used a 25-mer oligonucleotide that matched a small portion of the parental EST clone vector contained in every PCR product printed on the array for normalization of pure culture RNA expression. Although the oligonucleotide generated a stable hybridization signal on every array feature, this method requires a universal sequence tag as a "capture" sequence, limiting its general use in microbial community studies. Thus, in the present study, we developed a common oligonucleotide reference standard (CORS) approach by co-spotting a common oligonucleotide with each array feature to improve the accuracy and comparability of microarray data for microbial community studies. This method was evaluated by using a pilot array, a whole-genome array, and a functional gene array, and all results demonstrate that the developed CORS is a reliable and reproducible method for microarray data normalization and comparison for microbial community studies.
MATERIALS AND METHODS
Bacterial strains and environmental samples. Shewanella oneidensis MR-1 was from our laboratory culture collection and Rhodopseudomonas palustris CGA009 was provided by Caroline Harwood, Department of Microbiology, University of Washington (Seattle, WA). Desulfovibrio vulgaris Hildenborough (ATCC 29579) was obtained from the American Type Culture Collection (Manassas, VA). The D. vulgaris ⌬fur mutant was constructed with a marker-exchange method for gene deletion as described previously (3). S. oneidensis was grown in Luria-Bertani broth, and R. palustris was grown in nutrient broth. Wild-type D. vulgaris and the ⌬fur mutant were grown in LS4D medium containing 5 M FeCl 2 instead of 60 M FeCl 2 (3). Cells were harvested at the exponential phase and frozen at Ϫ80°C.
To evaluate the performance of the CORS for microarray data normalization and comparison in microbial community analysis, soil samples obtained from Daqing oilfield in northeast China were used. The oilfield was explored in the 1960s and has the largest production of crude oil among all oilfields in China. Some sites in the Daqing oilfield were contaminated as a result of oil exploration, production, maintenance, transportation, storage, and accidental release. Soil samples were collected to a depth of 10 cm in September 2006 from both contaminated and uncontaminated sites to compare the response of the microbial communities to crude oil contamination. Soil samples were sealed in sterile sampling bags and transported to the lab on ice. The physical and chemical properties were measured immediately as described previously (18) .
Nucleic acid extraction and purification. The gDNAs of the pure cultures were isolated as previously described (31) and treated with RNase A (Sigma, St. Louis, MO). Soil community DNAs were isolated and purified as described previously (30) . The molecular weights of all DNA samples were checked by using agarose gels stained with ethidium bromide and quantified by using Quant-It PicoGreen (Invitrogen, Carlsbad, CA).
RNA of wild-type D. vulgaris and the ⌬fur mutant were isolated by using TRIzol (Invitrogen) and purified with the RNeasy minikit (Qiagen, Valencia, CA) and an RNase-free DNase set (Qiagen). All DNA and RNA samples were stored at Ϫ80°C.
Oligonucleotide reference probe design and microarray construction. To avoid confusion, the following terms were used in the present study. (i) Test probes or gene probes refer to oligonucleotide probes targeting specific genes on an array. (ii) Test samples or targets refer to genomic DNAs or total RNAs from pure cultures or microbial communities (environmental samples) used for array hybridizations. (iii) Reference probe refers to the common oligonucleotide probe that is mixed at a certain proportion with each gene probe. (iv) Reference target refers to the labeled oligonucleotide that is complementary to the reference probe and is spiked into each sample. (v) Finally, for the co-spot the reference probe is mixed with each gene probe at a certain proportion and the mixture of both probes is printed on an array for each array feature.
The reference probe (50-mer) was randomly designed to have ϳ50% GϩC content and compared to all sequences in current databases to make sure that the sequence would not have any cross-hybridization with other sequences. The reference target (50-mer) was labeled with Cy3 at the 5Ј end during synthesis (Table 1) .
Three types of arrays were used in the present study (Table 1) . (i) A pilot array was constructed to determine the optimal amount and/or concentrations of reference probe printed on the array and the reference target spiked into the sample target. The pilot array was constructed with 30 gene probes (50-mer oligonucleotide: dnaK, glmS, murA, murL, nadE, nusG, proS, recA, rpoB, and rpsK of D. vulgaris, R. palustris, and S. oneidensis); a detailed description of test probe design is described elsewhere (13, 17) . To determine the optimal amount of reference probe, reference probe was spiked into gene probes at various proportions of 10, 5, 2.5, 1, 0.5, 0.25, 0.1, and 0.05% and coprinted on the pilot array with six replicates. (ii) The D. vulgaris Hildenborough whole-genome microarray was used to evaluate the performance of this method in detecting the difference in gene expression between the D. vulgaris wild type and the ⌬fur mutant in comparison with other normalization methods. The D. vulgaris microarray (70-mer oligonucleotide) was constructed to cover all open reading frames (ORFs) for this organism as described previously (11, 20) , with the addition of the reference probe (2.5% of gene probe) co-spotted on each array feature. (iii) GeoChip 3.0, an updated version of GeoChip 2.0 (12), was used to test the applicability of the developed CORS approach for studying microbial communities in natural settings. GeoChip 3.0 contains 24,676 probes co-spotted with the reference probe (2.5% of a gene probe). It covers ϳ37,000 gene sequences from more than 290 gene families.
Preparation of fluorescently labeled DNA and RNA. The gDNAs of pure cultures were fluorescently labeled with Cy5 or Cy3 using a BioPrime DNA For environmental soil DNA samples, an aliquot of 100 ng of DNA from each sample was amplified in triplicate using the TempliPhi kit (Amersham Biosciences, Piscataway, NJ) in a modified buffer containing single-stranded binding protein (200 ng/l) and spermidine (0.04 mM) to increase the sensitivity of amplification and incubated at 30°C for 3 h (28). All amplified DNAs were labeled with Cy5 as detailed above.
RNA of wild-type D. vulgaris and the ⌬fur mutant was labeled with Cy3 or Cy5 as described previously (11) . RNA (10 g) was mixed with 10 g of random primers and incubated at 70°C for 10 min and then fluorescently labeled in a reaction solution containing 10 mM dATP, dCTP, and dGTP and 0.5 mM dTTP (USB Corp.); 1 mM Cy5 or Cy3 dUTP (Amersham Pharmacia Biotech); 40 U of RNase inhibitor (Gibco-BRL/Invitrogen); and 200 U of Superscript RNase Hreverse transcriptase in 1ϫ first-strand buffer, followed by incubation at 42°C for 2 h. All of the labeled products were purified with a QIAquick PCR purification kit (Qiagen) and dried.
Microarray hybridization, scanning, and image processing. Labeled products were resuspended in hybridization solution containing 50% formamide, 15ϫ SSC (vol/vol; 20ϫ), 3% sodium dodecyl sulfate (vol/vol; 10%), 7% herring sperm DNA (10 mg/ml), and 0.8% dithiothreitol (vol/vol; 0.1 M) and brought to a final volume of 40 l with manual hybridization and 130 l with automatic hybridization.
The hybridizations with the pilot array were carried out manually at 45°C overnight as detailed described previously (23) . The hybridizations with the D. vulgaris whole-genome array and GeoChip were carried out on a HS4800 Hybridization Station (Tecan US, Durham, NC) at 45 and 42°C, respectively, for 10 h. All hybridizations were performed in triplicate.
Microarrays were scanned on a ScanArray 5000 microarray analysis system (Perkin-Elmer, Wellesley, MA) with 95% laser power and 68% photomultiplier tube gain for Cy5 and 74% for Cy3. Signal intensities were measured with ImaGene 6.0 (Biodiscovery, Inc., El Segundo, CA) by averaging the intensities of every pixel inside the target region (segmentation method). The mean signal intensity was determined for each spot, and the local background signals were subtracted automatically from the hybridization signal of each spot. Any spots with a signal-to-noise ratio (SNR) of Ͻ2.0 were defined as empty spots (14) , while poor spots were defined as spots whose signals could not be accurately quantified due to their irregular shapes and/or contaminations. All empty, poor, and outlier spots were removed from subsequent analysis. Any gene with more than one of three of positive probe spots was considered positive.
Microarray data analysis. To evaluate the performance and effectiveness of the developed CORS method for data normalization and comparison, the following four normalization methods were used in the present study: mean signal intensity, dye-swap normalization, gDNA reference, and CORS.
(i) Mean signal intensity normalization. The hybridization signal was normalized by the mean signal intensity across all genes on the array. The across-array mean was calculated based on all intensities on the arrays after the removal of empty and poor spots and outliers. Then, a ratio was calculated for each positive spot by dividing the signal intensity of the spot by the mean signal intensity to obtain the normalized ratio.
The mean signal intensity x ij of the jth replicate in the ith sample was calculated as follows:
The maximum mean signal intensity x max of all replicates in all samples was calculated as follows:
The normalize factor N ij was calculated as follows:
This method was used for the pilot array and GeoChip. The average signal intensities across all of the genes were expected to be approximately equal if the same amount of DNA was used for amplification (if needed), labeling, and hybridization (27) .
(ii) Dye swap normalization. Ratios were calculated for the sample pair. Any two of the total replicates were normalized and final ratio values were obtained by taking the median value of all normalized ratios as described previously (22) . This method was used for the D. vulgaris whole-genome array only.
(iii) Genomic DNA normalization. The ratio r ij of each gene pair (i, j) among replicates was calculated as follows:
where x i and x j are the signal intensities for the ith and jth (i j) genes from the target DNAs, and y i and y j are their corresponding signals from the hybridization with gDNAs. Genes with two of three or more positive spots of the total number of spots among replicates were considered positive. This method was used only for the D. vulgaris whole-genome array only.
(iv) CORS normalization. For this method, target DNA was labeled with Cy5 and the reference target was labeled with Cy3. First, normalization among technique replicates was performed by the greatest mean intensity of the Cy5 target signal as described in section i above. Then normalization was performed among samples using the CORS as follows.
The mean signal intensity x ij of the CORS of the jth replicate in the ith sample was calculated as follows:
The greatest average intensity x max across all samples of the CORS was calculated as follows:
The normalization factors N ij was calculated as follows:
Ratios from two dyes were calculated for each spot with the reference target signal as the denominator. The method was used for all three arrays and not limited to a set of experiments as long as same amount of reference probe and reference target were used for all experiments. All correlation analyses and the paired Student t test were performed with SPSS 13.0 (SPSS, Inc., Chicago, IL). A Mantel test was performed to infer the correlation between soil hydrocarbon concentrations and the functional genes involved in organic contaminant degradation based on Euclidean distance with PC-ORD (MjM Software, Gleneden Beach, Oregon). The P value of the standardized Mantel statistic (r) was calculated from 999 Monte Carlo randomizations.
RESULTS
Determination of the optimal amounts or concentrations of the reference probe and target. The ideal reference amounts should give detectable and uniform signals on every array feature without affecting the signal intensities of the real sample. To determine the optimal amounts or concentrations of reference probe and target, different concentrations of reference target (12.5, 1.25, 0.625, 0.25, 0.125, 0.0625, 0.025, and 0.0125 fmol/l) were spiked into samples (500 ng of gDNA equally mixed from D. vulgaris, R. palustris, and S. oneidensis) and cohybridized with the pilot array. The pilot array contained the reference probes with proportions of 10, 5, 2.5, 1, 0.5, 0.25, 0.1, and 0.05% relative to the gene probe. The signal intensities of the CORS increased linearly with the reference target concentrations (r 2 Ͼ 0.9) (Fig. 1) . The average SNR and percentage of positive spots (SNR Ͼ 2.0 without saturation) at each reference probe and target amount or concentration were calculated (Table 2 ). In the middle-range amount or concentrations of reference probe and target, the signal on each array feature was effectively detected without saturation, and the signal intensity of samples appeared not to be affected by the reference probe and reference target tested (Fig. 1) . Therefore, the op- timal amount of the reference probe was found to be in a range of 0.5 to 2.5% of the gene probe and the reference target concentration to be 0.25 to 1.25 fmol/l ( Table 2) . The amounts or concentrations of the reference probe and target used in individual experiments can be adjustable for the array type and size based on the above ranges.
Reduction in experimental variations with the CORS method.
Variations across microarray hybridizations are relatively high, and this is due to many factors such as irregular spot size and morphology, uneven hybridization, boundary effects of the slides, high local or global background, and freshness of reagents. Using the CORS is expected to reduce these variations during hybridization. To evaluate the effectiveness of the CORS in reducing these variations, the pilot array containing gene probes from D. vulgaris, S. oneidensis, and R. palustris was used. Various amounts of gDNA (1,500, 300, 75, and 15 ng) from an equal mixture of the three bacteria were labeled with Cy5, spiked with a 1.5-fmol/l concentration of reference target, and hybridized with the pilot array. The hybridization signals of these 30 functional genes among interand intrareplicates were normalized by using the mean signal normalization method and the CORS approach. The variations of the normalized hybridization signals with the CORS method were significantly lower than those with the mean signal normalization method (Fig. 2) with the paired Student t test (P Ͻ 0.001 for 1,500, 300, and 75 ng of gDNA targets; P Ͻ 0.05 for 15 ng of gDNA target), suggesting that the CORS method is effective in reducing experimental variations.
Quantitative capability with CORS. The quantitative capability of 50-mer oligonucleotide microarrays for detecting microbial functional genes has been reported (23) . The quantitative relationship between the normalized hybridization signal intensity and the original DNA concentration was further evaluated. Two normalization methods were compared: mean signal intensity normalization and the CORS normalization. The signal intensity was linear (r 2 ϭ 0.95ϳ0.99) for all detected genes (dnaK, glmS, murA, murL, nadE, nusG, proS, recA, rpoB, and rpsK from D. vulgaris, R. palustris, and S. oneidensis) over a range of 15 to 1,500 ng of genomic DNA using the mean signal intensity normalization method, and r 2 ϭ 0.96 to 0.99 when the CORS normalization method was used. These results demonstrate that the CORS method could accurately estimate the relative abundance of target genes in a wide range.
Analysis of gene expression with D. vulgaris wild type and ⌬fur mutant. Although the CORS method was primarily developed to normalize functional gene abundance data (DNA) for microarrays used to study microbial communities, it is important to compare this method with other traditional normalization methods, which are primarily used to normalize expression data (RNA) of pure culture data. The gDNA method has been widely used for microarray data normalization and comparison, and the dye swap method has been considered a traditional approach for two-dye microarray data normalization in pure culture studies. To evaluate the accuracy of the developed CORS normalization, it was compared to the gDNA and dye-swap methods. The gene expression of the wild type and ⌬fur mutant of D. vulgaris Hildenborough was analyzed after the raw data was normalized by three (gDNA, dye swap, and CORS) different methods. Scatter plots of gene expression ratios (mutant RNA/ wild-type RNA) for the CORS normalization against the gDNA and dye swap methods indicated high correlations between the CORS and the other two methods (Fig. 3) . The Pearson correlation was 0.908 for the dye swap method versus the CORS method (Fig. 3A) and 0.976 for the gDNA method versus the CORS method (Fig. 3B) . All of these correlations were statistically significant (P Ͻ 0.001). Good linear relationships were also observed by using nonparametric Spearman rank correlation (data not shown). The results indicate that the CORS method performed equally well compared to two established methods.
We also compared the positive spots detected by the gDNA method and the CORS approach using the D. vulgaris wholegenome microarray (9) . In total, 3,586 genes were printed on the microarray in duplicate (7,172 spots). Both gDNA and the CORS approach detected almost all of the array features, 98.3% for gDNA and 98.2% for the CORS. Consequently, almost all information from the expressed genes was obtained when gDNA or the CORS was used as a reference with 94.1 or 96.2% spots detected for the mutant, respectively, and 99.2 or 98.5% for the wild type, respectively. Therefore, the CORS method represented a high coverage on the reference channel.
We selected 20 genes known to be affected by a fur mutation for further analysis. All of these genes showed a high correlation of gene expression based on the three normalization methods (Fig. 4) . For example, it has been reported that three feoAB genes were highly induced in the ⌬fur mutant of D. vulgaris (3) . In the present study, the log 2 (mutant/wild-type ratios) of feoAB genes with the CORS method were 2.12, 1.78, and 1.84 for feoB (ORF03249), feoA (ORF03251), and feoA (ORF03253), respectively (Fig. 4) , similar to a previous study (3) . All of these analyses clearly show that very similar results were obtained with the three different normalization methods and that gene expression profiles normalized by the CORS method were significantly correlated to those from another two commonly used normalization methods.
Application of the CORS method to analyze functional gene array data from environmental microbial communities. To further determine the applicability of the developed CORS method for microarray-based analysis of complex environmental microbial communities, microbial communities of high-, low-, and no-contamination soil samples were analyzed with the new version of GeoChip (GeoChip 3.0). Variations of three replicates for each gene were significantly lower after normalization by the CORS method (Fig. 5) , P Ͻ 0.001 for all of the samples based on the paired Student t test. Thus, the developed CORS method significantly reduced the variation among replicates.
Samples from different sites could be compared in a more accurate way after normalization by the CORS method. Changes in soil microbial functional genes with crude oil contamination were further studied using the CORS normalization method. The functional genes involved in organic contaminant degradation showed significant correlations with hydrocarbon concentrations based on the Mantel test (P Ͻ 0.05). A high abundance of alkane degradation genes such as alkB encoding alkane hydroxylase, alkH encoding aldehyde dehydrogenase and alkK encoding acyl-coenzyme A synthetase were detected across all samples. These genes were mainly derived from common genera such as Pseudomonas, Mycobacterium, Rhodopseudomonas, Burkholderia, Bacillus, and Ralstonia. The alk gene abundance was 31.0% higher in the high-contamination soil than in the no-and low-contamination soils. Aromatic hydrocarbons were another major component of crude oil. Functional genes involved in biphenyl degradation detected in the soil samples were bphA, bphC, and bphD derived from Rhodococcus, Pseudomonas, Xanthobacter, and Burkholderia spp. The naphthalene catabolic genes nagG represented the highest abundance in high-contamination soils and were mainly from Roseovarius, Pseudomonas, Bordetella, Silicibacter, Ralstonia, Bradyrhizobium, and Mycobacterium spp., as were another two naphthalene catabolic genes, nagI and nagK, from Polaromonas, Pseudomonas, Sphingomonas, and Burkholderia spp. For organic contaminant degradation, catechol is a key dihydroxylated intermediate in the PAH catabolic pathways. Crude oil also stimulated the abundance of functional genes encoding catechol 1,2-dioxygenase and catechol 2,3-dioxygenase, which were mainly derived from Arthrobacter, Burkholderia, Mycobacterium, Nocardia, Pseudomonas, Ralstonia, and Rhizobium spp. These results showed that the high abundance of genes encoding enzymes degrading various organic chemicals was in good agreement with high organic contamination in the soils, and this also suggests that the CORS method is suitable for the comparison and normalization of functional gene-based microarray (e.g., GeoChip) data for complex environmental microbial community studies.
DISCUSSION
Recently, functional gene-based microarrays have been widely used for the detection, identification, and characterization of microbial communities in natural environments, but data normalization and comparison for these microarrays remain challenging due to the extremely high diversity and complexity of environmental samples. In the present study, we developed a CORS method to address this challenge. This method was evaluated by using different types of microarrays, and the results demonstrated that this CORS method performed well in comparison with other commonly used normalization methods.
The CORS method presented here was developed to allow microbial community microarray data to be normalized and compared across different samples, experiments, time points, and/or laboratories. Although functional gene arrays, such as GeoChip, have been applied for detecting and monitoring microbial communities, data normalization and comparison are difficult mainly due to the lack of a common reference. Currently, microarray data are normalized by a few methods, such as dye swap (16) , gDNA (26) , and mean/total signal (27) . However, most of these methods are only suitable for pure cultures since they have the identical composition of nucleic acids from each organism. For environmental samples, the compositions of microbial communities are generally unknown, so it is extremely difficult, even impossible to use gDNAs as a common reference for a microbial community. The mean/total signal intensity normalization method has been used for analysis of functional gene array data (27) , but it is limited to normalize signals among the replicates of a biological sample, or similar biological samples from different experiments or time points, which are analyzed at the same time. For the CORS method developed here, the reference probe and target are synthesized oligonucleotides, and their quality and amounts can be accurately controlled and optimized. Compared to the mean signal intensity normalization method, this method can greatly reduce hybridization variations and normalize the signal intensity of any environmental samples in a more flexible and accurate way. The CORS method is also more convenient and time-saving, and only requires small amounts of the reference probe and the reference target in comparison with the lambda DNA method. For the CORS method, if the same amounts of the reference probe and reference target are used, their signal intensities are expected to be the same across different hybridizations no matter what samples are analyzed, where those samples come from, and which laboratories conduct those experiments. Therefore, the CORS can be used as a common reference for normalization and comparison of functional gene array data in the analysis of microbial communities.
Several other characteristics also make the CORS method attractive for microarray data analysis. First, the reference probe is co-spotted with gene probes on each array feature so that the variations generated from microarray fabrication processes can be minimized (25) . Second, since the reference probe is expected to have the same hybridization characteristics as gene probes on the same array, biases from uneven hybridization are expected to be minimized or eliminated if the signal ratio of each gene probe to the reference probe is used. Third, the CORS method can be used for quality control of experiments as the reference probe is expected to give relatively uniform signals for all spots. For example, a failure of depositing probes on the array and artifacts during hybridization (e.g., air bubble) could be easily tracked from the reference channel (15) . In addition, since both reference FIG. 5 . Box plots of variations of hybridization signals among replicates of high-, low-, and no-contamination soil microbial communities. A reduction in variation was observed when GeoChip data were normalized with the CORS method compared to the conventional mean signal intensity (mean) method as evidenced by the paired Student t test with P Ͻ 0.001.
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DEVELOPMENT OF A CORS FOR MICROARRAYprobe and target are used in a very low amounts, this method costs much less in comparison with other common references, such as genomic DNA and sample pooling since those approaches used 50% of the hybridization resources to produce a control or common reference signal (24) . Finally, an oligonucleotide reference probe or target can be synthesized in large scale and thus sufficient for a long-term use in different experiments and laboratories. Although the developed CORS is a useful way to compare and normalize microarray data across different environmental samples, some limitations remain. For example, as the oligonucleotide target is artificially prelabeled, it can only minimize the variations during the hybridization process. Variations from sample amplification and labeling do exist. Thus far, there is no satisfactory solution to these problems. Another limitation is that this method requires a mixture of the reference probe and a gene probe to co-spot for each feature, however, this strategy would be difficult to implement in in situ-synthesized oligonucleotide arrays. Synthesis of the reference probe randomly across the array surface may allow for the use of the CORS for these types of arrays, although this has not been tested.
In conclusion, the developed CORS method is a useful approach for the normalization and comparison of functional gene array data from different samples, experiments, time points, and/or laboratories. It performs equally well in comparison with other commonly used normalization methods when tested with pure culture arrays. Thus, this method can be adapted for normalizing and comparing the data of other types of spotted arrays in general, especially for arrays used to study microbial communities since the more commonly used normalization methods will not work with such complex samples.
